The Dzyaloshinskii-Moriya interaction (DMI) has been recently recognized to play a crucial role in allowing fast domain wall dynamics driven by spin-orbit torques and the generation of magnetic Skyrmions. Here, we unveil the main features and microscopic mechanisms of DMI in Co=Pt bilayers via first principles calculations. We find that the large DMI of the bilayers has a dominant contribution from the spins of the interfacial Co layer. This DMI between the interfacical Co spins extends very weakly away from the interface and is associated with a spin-orbit coupling in the adjacent atomic layer of Pt. Furthermore, no direct correlation is found between DMI and proximity induced magnetism in Pt. These results clarify the underlying mechanisms of DMI at interfaces between ferromagnetic and heavy metals and should help optimizing material combinations for domain wall and Skyrmion-based devices. DOI: 10.1103/PhysRevLett.115.267210 PACS numbers: 75.70.Cn, 71.15.Mb, 73.43.Cd The discovery of fast current-controlled domain wall motion induced by spin-orbit torques in perpendicularly magnetized thin ferromagnetic layers deposited on nonmagnetic metals of large spin-orbit coupling (SOC) [1] is promising for the development of novel memory and storage devices with high density, performance, and endurance [2] . The origin of the current-controlled DW motion was first attributed to the Rashba effect [1, [3] [4] [5] and later to the spin Hall effect (SHE) [6, 7] . In 2012 it was shown by micromagnetic calculations [8] , and later confirmed experimentally [9, 10] , that the role of Dzyaloshinskii-Moriya interaction (DMI) [11] [12] [13] at interfaces between ferromagnetic (FM) and heavy nonmagnetic (NM) metals [14] [15] [16] [17] [18] was essential to stabilize the DWs in a Néel configuration with a given chirality, allowing their fast motion by SHE in a direction fixed by this chirality. DMI also stabilizes magnetic Skyrmions in magnetic thin films deposited on heavy metals [19] [20] [21] [22] [23] [24] [25] . Measurements of interfacial DMI, initially based on DWs [26] [27] [28] [29] [30] [31] [32] , were recently expanded by spin-wave spectroscopy [33] [34] [35] . Put together, the measured DMI values reveal a large sensitivity to both materials and interface structure. An in-depth understanding of interfacial DMI is therefore in need. Several schemes have been proposed to compute interfacial DMI by ab initio techniques [18, 36, 37] . But a simple physical picture of interfacial DMI is still elusive, with several fundamental questions to clear up: how does the DMI extend away from the interface? Where is the corresponding electronic energy source located? Is the existence of a proximity-induced magnetization in the nonmagnetic layer important?
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In this Letter, we evaluate and analyze in depth, from first principles calculations, the DMI behavior at Co=Pt and related FM=NM bilayers. The Co=Pt interface is a natural choice since the largest effects at room temperature were observed in this system [28, 31, 35, 38] . We demonstrate that the predominant DMI is acting on the Co spins in the interface FM atomic layer, with only a weak extension in Co and Pt away from this layer. Furthermore, the SOC energy associated with this predominant DMI is located not in the Co but in the neighbor Pt sites. We also show that the existence of proximity-induced magnetization on the interface sites of heavy NM metal is not essential for the DMI, and that interface intermixing has a damaging impact on the DMI strength.
We use ab initio calculations on Co=Pt bilayers to evaluate both the total DMI of the bilayer and its distribution in the successive atomic layers of Co and Pt. The DMI energy between normalized spins, restricted to nearest neighbors (as justified a posteriori), can be written as
with summation over bonds involving DMI vectors d ij for two types of pairs, those inside a given layer k, and interlayer pairs between a layer k and layers above or below. It turns out that the contributions from interlayer pairs are very small (see Supplemental Material S1 [39] ), so that, in first approximation, we will neglect them. From the Moriya symmetry rules [12] , the DMI vector for the layer k can be written as d [39] ), whereẑ andû ij are unit vectors pointing along z and from site i to site j, respectively. The total DMI strength, d
tot (expected to be close to P k d k as it will be confirmed in the following), is derived (see Supplemental Material S1 [39] ) by identifying the difference between the DFT energies E CW and E ACW for opposite chirality spin configurations [as those shown in Figs. 1(a) and 1(b) for a given value of the cycloid wavelength] with the corresponding energy differences calculated from Eq. (1):
The number m depends on the wavelength of the cycloid and, for example, is 12 for the cycloid wavelength of n ¼ 4 atomic distances in Fig. 1 (Supplemental Material S3 [39] ). The d tot can be seen as the DMI strength concentrated in a single atomic layer and producing an equivalent effect (at least if the total thickness is smaller than the exchange stiffness length). The global effect on the bilayer can also be expressed by the micromagnetic energy per volume unit of the magnetic film [40] [41] [42] :
where the coefficient D is related to d tot by (Supplemental Material S2 and S3 [39] )
in which a is the fcc lattice constant and N F represents the number of magnetic layers. The VASP package was employed [43, 44] using supercells with 1 to 3 atomic layers (ML) of Co on 1 to 3 ML of nonmagnetic (NM) metals (Fig. 1) . In order to extract the DMI vector, calculations were performed in three steps. First, structural relaxations were performed until the forces become smaller than 0.001 eV=Å for determining the most stable interfacial geometries. Next, the Kohn-Sham equations were solved, with no SOC, to find out the charge distribution of the system's ground state. Finally, SOC was included and the self-consistent total energy of the system was determined as a function of the orientation of the magnetic moments which were controlled by using the constrained method implemented in VASP. This method has been used for DMI calculations in bulk spin-frustrated systems and insulating chiral-lattice magnets [36, 45] , and was adapted here to the case of interfaces. Details of the model are described in the Supplemental Material S1-S3 [39] .
Prior to presenting the numerical results, we want to point out that calculations on different values n for the cycloid wavelength give very similar results (within 7%); see the Supplemental Material S3 [39] . Significant DMI for the next nearest neighbor and beyond pairs (NNN) would lead to results depending significantly on the wavelength (one can check that the DMI of NNN would not contribute for n ¼ 4 but only for larger n). The very weak dependence on the wavelength (see Supplemental Material S3 [39] ) means that the non-nearest pair DMI can be neglected and led us to prefer the simpler analysis with only nearest neighbor DMI coefficients. In Fig. 2 we present results obtained for n ¼ 4. For the total DMI strength d tot of hcpð0001ÞCo=fccð111ÞPt bilayers with different Pt and Co thicknesses, we find large values in the range 1.5-3 meV, of anticlockwise chirality (as defined in Ref. [9] ), with a dependence on the thickness of Co and Pt shown in Fig. 2(a) . The dependence on Co thickness, as explained by layer-resolved results shown below, comes from the small but not negligible extension of the DMI to other Co layers away from the interface Co layer. Except for the Co (1)Pt(N) series, the influence of the Pt thickness is weak. Globally d tot tends to an approximately constant value at large thickness which is consistent with the interface character of the DMI. D, as it corresponds to an average of the DMI in the Co film, shows the expected decrease with the Co thickness [ Fig. 2(b) ]. In order to consider more realistic situations, we have also studied the effect of intermixing between Co and Pt. When one Co atom is swapped with Pt at interface (25% interfacial mixing), the total DMI is decreased by half (blue open circles in Fig. 2) , twice the amount expected from a naive estimate.
In order to clarify the physics of the interface DMI, we calculated the layer-resolved DMI vector amplitude d k by considering spin configurations as those of Figs. 1(c) and 1(d) with opposite chirality in a single layer while spins in all other layers are constrained to be along y (Supplemental Material S1. A [39] ). The corresponding DFT energies E k CW and E k ACW allow finding d k from Eq. (2). The results for hcp(0001)Co(3ML) on fcc(111)Pt(3ML) are shown in Fig. 3(a) . As a test of the accuracy of our approach, we have checked that the sum of the d k of the different layers is close to d tot with the slight difference (∼10%) caused by the aforementioned interlayer contributions integrated into d tot but not into d k (Supplemental Material S1 [39] ), and by the fact that DFT calculations on differently constrained configurations cannot be strictly equivalent. We will show now that the physics of DMI is cleared up by looking at the distribution of the d k among the various layers k, and by the spatial origin of each d k , described by △E k;k 0 SOC representing the SOC energy difference [46] in the layer k 0 between spin configurations of opposite chiralities in layer k (Fig. 3) .
The most obvious feature of the distribution of d k in Fig. 3(a) is that the DMI is predominantly located at the interfacial Co layer, as indicated by the blue bar on Co1, with definitely smaller and opposite DMIs in Co2 and Co3, and a much smaller contribution in Pt1 (almost nothing in Pt2 and Pt3). It is interesting to see where the difference between the spin-orbit coupling energies calculated for opposite chiralities in the Co1 layer, i.e., △E Co1;k 0 SOC , is located. As shown in Fig. 3(b) , the large DMI between the Co spins at the interface (k ¼ Col) is associated with a large SOC energy change △E Co1;Pt1 SOC in the adjacent Pt layer. This is consistent with the Fert-Levy model [13] describing the DMI of a typical noncentrosymmetric Co-Co-Pt triplet as a 3-site interaction in which a change of the chirality of the relative orientation between the Co spins induces a change of the spin-orbit energy on the Pt site. The confusion between the localization of the spins subjected to the strongest DMI and the localization of the corresponding SOC energy source is frequent in recent publications [37] . Considering the Co3 layer, as Co3 is too far from Pt, its small DMI is associated to (small) SOC energy changes in Co2 and Co1. Similarly, the DMI of Co2 takes its origin from both adjacent Co layers and the moderately distant Pt1 and Pt2 layers (red bars). The DMI is very small for the proximity-induced spins (about 0. in the interfacial Pt1 monolayer with a SOC energy originating mainly from other Pt layers (magenta bars). The SOC energy distribution associated with the total DMI d tot , shown in inset of Fig. 3(b) , is very similar to that obtained for d
Co1
. One also sees that the small DMI of Co2 and Co3 is opposite to the large DMI of Co1, which explains the smaller d tot in Co(2)Pt(3) and Co(3)Pt(3) compared to Co(1)Pt(3) in Fig. 2(a) .
It was suggested that DMI at FM=NM interfaces is directly related to the existence of a proximity induced magnetic moment (PIM) in NM [38] . To test this suggestion, we derived the DMI as a function of PIM by constraining the magnitude of the latter in the Pt1 layer of a Ptð3Þ=Coð3Þ structure. Actually, as shown in Fig. 4(a) , we find the opposite result: a Pt moment reduction increases the DMI, d
tot . The DMI is maximum at about zero Pt moment with an almost linear decrease of 31% for d tot when PIM increases from zero to 0.4 μ B . This behavior can be explained by the competition between the SOC and exchange splitting which reduces the DMI. Furthermore, in spite of a large moment on Pd in Co=Pd that is comparable to that on Pt in Co=Pt, we find a definitely smaller DMI for Co=Pd (Fig. 2) , which indicates that the essential factor is the SOC (larger in the Pt 5d states than in the Pd 4d states).
For Co=Ptð111Þ, our DMI values are in agreement with recent theoretical (1.8 meV for Co ML on Pt [24] and 3.5 meV for 3 Co ML on Pt [18] ) and experimental [29, 35] reports. As a comparison study, we find that, in Co=Au, DMI is much weaker and of opposite chirality compared to that in Co=Pt (cf. Fig. 2 ). The origin of this difference of DMI between these similar systems can be attributed to the absence of strongly spin-orbit coupled d states at the Fermi level in Au yielding a strong reduction of △E tot; Au1 SOC on Au1 [ Fig. 4(b) ]. We have also calculated DMI at Fe=Ir and Co=Ir interfaces. We find a very large clockwise DMI (−1.9 meV) for a single layer of Fe on 3 layers of Ir(111), in very good agreement with Ref. [22] , showing that the calculation technique used, with large angles between neighbors, is reliable at least for the systems considered. The DMI we find for Co=Ir (−0.22 meV) is also of clockwise chirality but smaller than Fe=Ir (Fig. 2) . The difference between Co=Ir and Fe=Ir cannot be explained by simple arguments and requires further analysis. The finding of opposite chiralities for Pt and Ir in contact with Co leads to the interesting prediction of additive effects and large DMI when Co is between Pt and Ir [47] .
To sum up, we have used first principles calculations with constrained moments to determine the DMI in Co=Pt bilayers and cleared up its physical mechanism. Our main conclusion is that the large anticlockwise DMI of the bilayers [∼3 mJ=m 2 for Ptð3Þ=Coð3Þ] has a predominant contribution from pair couplings between the spins of the interfacial Co layer. This DMI between the interface Co spins is directly related to the change of the SOC energy in the interface Pt atoms when the Co spin chirality is reversed. The DMI does not extend significantly into other Co layers and is very weak between the proximity-induced spins in Pt. We have also shown that the DMI of the Co=Pt bilayers is not related to the existence of proximity-induced magnetism in Pt. Our similar calculations of DMI for the Fe=Ir system are in agreement with previous ab initio calculations. The smaller DMIs we find for Co=Pd and 
